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ABSTRACT Zika virus (ZIKV) infection is associated with serious, long-term neuro-
logical manifestations. There are currently no approved therapies for the treatment
or prevention of ZIKV infection. Favipiravir (FAV) is a viral polymerase inhibitor with
broad-spectrum activity. Our prior studies used static FAV concentrations and dem-
onstrated promising activity. However, the anti-ZIKV activity of dynamic FAV concen-
trations has never been evaluated in a human cell line. Here we employed the hollow-
fiber infection model (HFIM) to simulate the human pharmacokinetic (PK) profiles
associated with the clinically utilized FAV dosage regimens against influenza and
Ebola viruses and assessed the viral burden profiles. Clinically achievable FAV con-
centrations inhibited ZIKV replication in HUH-7 cells in a dose-dependent fashion
(50% effective concentration � 236.5 �M). The viral burden profiles under dynamic
FAV concentrations were predicted by use of a mechanism-based mathematical model
(MBM) and subsequently successfully validated in the HFIM. This validated, transla-
tional MBM can now be used to predict the anti-ZIKV activity of other FAV dosage
regimens in the presence of between-patient variability in pharmacokinetics. This
approach can be extended to rationally optimize FAV combination dosage regimens
which hold promise to treat ZIKV infections in nonpregnant patients.
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Zika virus (ZIKV), a single-stranded RNA virus belonging to the genus Flavivirus
(Flaviviridae family), has become a significant threat to public health due to the

widespread 2015 epidemic throughout the Western Hemisphere. Viral transmission
most commonly occurs through the bite of an infected mosquito, but spread via sexual
contact as well as vertical (i.e., mother-to-fetus) transmission has also been widely
reported (1–3). ZIKV disease is usually mild and self-limiting (4); however, severe
neurological consequences, such as congenital disabilities and Guillain-Barré syn-
drome, are associated with infection (5–7). Currently, neither vaccines nor antiviral
drugs are available to help treat or prevent ZIKV infections, and the development of
new medical countermeasures will take years until approval for human use. Due to the
severity and chronic nature of neurological ZIKV disease, there is an urgent medical
need to identify effective antiviral therapies against viral infection.

Drug repurposing using agents that are already approved by the FDA or other
regulatory agencies for different indications is one strategy to expedite drug develop-
ment timelines and deliver a much needed therapy to patients faster. Favipiravir (FAV)
is a nucleoside precursor RNA polymerase inhibitor that exhibits antiviral activity
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against a wide variety of RNA viruses (8–10). FAV is approved for the treatment of
human influenza virus infections in Japan and is currently in phase III clinical trials for
the treatment of uncomplicated influenza in the United States. Moreover, it was used
with some success to treat Ebola virus-infected patients during the 2014-2015 Ebola
outbreak in West Africa (11). This broad-spectrum activity makes FAV an attractive
candidate for repurposing for the treatment of ZIKV disease.

Our previous work showed that FAV extensively inhibits the production of infectious
ZIKV (12). We developed a translational mechanism-based mathematical model (MBM)
which predicted that drug concentration-time profiles associated with clinically rele-
vant FAV regimens are effective at suppressing ZIKV replication (12). This work em-
ployed Vero cells (i.e., African green monkey kidney cells) as the host cell line. While
Vero cells are suitable for initial drug evaluations, they may differ from human cell lines
due to potential differences in FAV cellular uptake and metabolism.

In this study, we aimed to characterize the antiviral activity of FAV on host cells of
human origin using traditional tissue culture assays and the pharmacodynamic hollow-
fiber infection model (HFIM) system, which can simulate clinically relevant drug and
viral concentration profiles. As a second objective, we refined our translational MBM to
characterize the time course of the ZIKV burden in the face of FAV therapy in both
experimental assay formats. The refined MBM was then used to predict the virologic
outcome when the plasma concentration-time profiles associated with clinically utilized
FAV regimens were simulated in vitro. Our findings demonstrate the clinical potential
of FAV as a therapeutic strategy for the treatment of patients infected with ZIKV.

RESULTS
Antiviral activity of static FAV concentrations against ZIKV. The antiviral activity

of FAV was evaluated on HUH-7 cells (HUH-7 is a human hepatoma cell line) against
ZIKV using a traditional tissue culture drug assay (conducted in 6-well plates). ZIKV
production was robust in HUH-7 cells, reaching titers of 8 log10 PFU/ml on day 4
postinfection in the control arm (Fig. 1A). FAV inhibited ZIKV replication in a dose-
dependent manner, with concentrations of 250 �M and 500 �M suppressing the viral
burden by 1.8 log10 PFU/ml and 2.5 log10 PFU/ml, respectively (Fig. 1A). Interestingly,
concentrations ranging from 31.25 �M to 125 �M provided similar levels of inhibition
and decreased the viral titers by approximately 0.7 log10 PFU/ml. The concentration
yielding a half-maximal effect (the 50% effective concentration [EC50]) in this system
over 4 days was 251.3 �M, as determined by a Hill-type effect model. Cytotoxicity was
not observed at any FAV concentration evaluated in these studies (data not shown).

The effectiveness of FAV at static drug concentrations against ZIKV was also as-
sessed in HUH-7 cells in the hollow-fiber infection model (HFIM) system. For these

FIG 1 Antiviral activity of favipiravir (FAV) against Zika virus (ZIKV) on HUH-7 cells in a 6-well plate assay and the
hollow-fiber infection model (HFIM) system. HUH-7 cells were infected with ZIKV and exposed to increasing
concentrations of FAV for 4 days in a 6-well plate assay (A) or 7 days in the HFIM system (B). Cell culture supernatant
was collected daily, and the infectious virus burden, reported as the log10 number of PFU per milliliter, was
quantified by plaque assay on Vero cells. The symbols correspond to the mean for three independent samples for
the 6-well plate assay and two samples for the HFIM system. Lines through the data points signify the predicted
viral burden determined by the mathematical model.
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studies, 108 HUH-7 cells were mixed with 105 PFU of ZIKV before inoculation into
hollow-fiber cartridges; FAV was administered via continuous infusion, which yielded a
constant drug concentration. ZIKV replicated efficiently in the HFIM, as peak viral titers
of 9.2 log10 PFU/ml were achieved on day 6 postinoculation in the control arm (Fig. 1B).
FAV concentrations ranging from 31.25 �M to 125 �M yielded a nearly identical extent
of viral suppression (�1.2 log10 PFU/ml on day 6). FAV at 250 �M and 500 �M provided
greater viral inhibition in a dose-dependent manner, resulting in a viral burden reduc-
tion of 2.8 log10 PFU/ml and 4.4 log10 PFU/ml, respectively (Fig. 1B). The EC50 of FAV
against ZIKV over 7 days of therapy in the HFIM was 236.5 �M, in good agreement with
the results of the well plate assay.

Mechanism-based PD modeling. Previously, we developed a pharmacodynamic
(PD) mechanism-based mathematical model (MBM) to describe the inhibitory effect of
FAV on the production of infectious ZIKV in a 6-well-plate drug assay using Vero cells
(12). We have now adapted this model to HUH-7 cells, which were studied under static
FAV concentrations in a plate assay and in the HFIM. We extended our previous MBM
to reflect the experimental infection and inoculation processes in the HFIM. First, we
accounted for the loading of extracellular virus in the HFIM and thereby allowed the
model to simultaneously describe both experimental systems (Fig. 2). For the plate
assay, virus was allowed to first attach to uninfected host cells for 1 h before all
unbound virus was removed. Therefore, at time zero, only limited cell-free virus (�2
log10 PFU/ml) remained in the medium. In contrast, virus and uninfected host cells were
inoculated into the HFIM at time zero; consequently, the viral burden was detectable in
the medium and infected host cells did not yet exist at this time point. The initial
uninfected host cell density was 106.82 cells/ml in the HFIM and 105.82 cells/ml in the
plate assay.

As a second modification of our previous MBM (12), we introduced a replication
term for uninfected host cells in the HFIM. This dynamic in vitro model provides more
nutrients and thus can sustain higher host cell densities than a static plate assay. In our
refined MBM, we included five stages of infected host cells in parallel to the stages of
intracellular viral maturation; the last (i.e., 5th) stage represents infected host cells
which die due to release of the virus. Both infected and uninfected host cells were
assumed to require nutrients and to thus contribute to the maximum sustainable host
cell population. We estimated different maximum cell densities for the HFIM and plate
assays.

FIG 2 Mechanism-based model for the activity of FAV against ZIKV-infected cells. The model describes the
inhibitory effect of FAV (INH) on viral maturation in the host cells. See Table 1 for parameter explanations.
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Our refined MBM successfully described the viral dynamics data from the plate and
HFIM assays using a consistent model structure. For both assays, the maximum extent
of inhibition for ZIKV production was estimated to be 0.9998 for FAV, indicating nearly
complete viral suppression (Table 1). The FAV concentration yielding half-maximal
inhibition (50% inhibitory concentration [IC50]) of virus release from the last intracellular
compartment was estimated to be 61.6 �M for both models. This estimate reflects the
intracellular inhibition of ZIKV replication and was therefore smaller than the macro-
scopic inhibition of viral titers over 7 days (EC50). Most model parameter estimates were
shared (i.e., they had identical estimates) or had similar estimates between the two
experimental systems (Table 1); the synthesis rate constant for viral production was
39.9 h�1 in the plate assay and 39.7 h�1 in the HFIM. Larger differences between the
two systems were estimated for the mean survival time of host cells (94.0 h for HFIM
versus 32.4 h for the plate assay) and the mean survival time of extracellular virus (10.6
h for HFIM versus 15.7 h for the plate assay). Both of the latter estimates agree with
previous literature reports on ZIKV physiology (13).

The proposed model simultaneously described virus burden-time profiles in the
plate assay and HFIM system (Fig. 1). Curve fits were unbiased and reasonably precise,
with linear regression analysis of fitted-versus-observed plots for viral burden yielding
correlation coefficients (r) of 0.981 for the individual counts and 0.970 for population
fitted-versus-observed counts (Fig. 3). The model’s predictive performance was as-
sessed by the use of normalized prediction distribution errors (14) and showed ade-
quate predictive performance (results not shown).

Model simulations and prospective validation of FAV activity against ZIKV in
the HFIM. We then performed deterministic simulations (i.e., simulations of the mean
profiles) based on the refined MBM to predict the viral burden profiles following
clinically relevant FAV dosage regimens. Free-drug concentration-time profiles (Fig. 4)
were simulated for the standard FAV influenza regimen (low dose, 1,800 mg at 0 h and
12 h on day 1 of dosing, followed by 800 mg every 12 h starting at day 2) and the Ebola
regimen (high dose, 2,400 mg at 0 h and 8 h and 1,800 mg at 16 h on day 1 of dosing,
followed by 1,200 mg every 12 h starting on day 2). The viral burden profiles associated
with each FAV regimen are depicted by the lines in Fig. 5. We then experimentally
validated these MBM predictions in the HFIM and quantified the virus burden and drug
concentrations in the medium over 7 days. The observed and simulated FAV concen-
tration pharmacokinetic (PK) profiles in the HFIM system matched reasonably (Fig. 4).

Both FAV regimens inhibited the viral burden over 7 days. The degree of inhibition
was similar between the two regimens for the first 3 days (Fig. 5). From days 4 to 7, viral

TABLE 1 Parameter estimates for the PD MBM of FAV against ZIKV in plaque and HFIM assays

PD parameter Symbol (units)

Population mean (% SE)a

Plate assay HFIM system

Log10 of 2nd-order infection rate constant kinfect (log10) �7.36 (0.985) �7.03 (1.92)
Synthesis rate constant of virus ksyn (1/h) 39.9 (2.89) 39.7 (31.4)
Mean delay time until release of virus in the

absence of drug, equivalent to the mean
survival time of infected cells

Tdelay � 5/ktr (h) 32.4 (5.03) 94.0 (18.8)

Mean survival time for extracellular virus MSTvirus � 1/kloss,virus (h) 15.7 (3.57) 10.6 (27.9)
Log10 of initial no. of uninfected cells log_U 5.82 (fixed) 6.82 (fixed)
Log10 of initial no. of infected cells log_I 3.61 (1.67) 0c (fixed)
Log10 of plateau of host cells log_max NAd 7.39 (0.849)
Mean doubling time for host cell replication Trepl (h) 24 (fixed) 24 (fixed)
Initial virus loading Virus_Load 0 (fixed) 6670 (fixed)
Maximum extent of inhibition by FAV ImaxFAV (normal scale) 0.9998 (0.983 to 1.00)b 0.9998 (0.983 to 1.00)b

FAV concn causing 50% of ImaxFAV IC50_FAV (�M) 61.6 (18.1) 61.6 (18.1)
Additive error for viral load on log10 scale SDin 0.286 (5.09) 0.286 (5.09)
aThe between-curve variability for in vitro assays was assumed to be small, and therefore, the variance was eventually fixed at 0.01.
bImax was assumed to be normally distributed on the logistically transformed scale (Imaxtransformed). The population mean of Imax was reported on a normal scale
(i.e., from 0 to 1).

cNo infected cells, i.e., 0 cells on a linear scale.
dNA, not applicable.
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replication was faster in the low-dose regimen than in the high-dose regimen. The
maximum extent of inhibition achieved in both regimens was 2.9 log10 PFU/ml for
the low-dose regimen (day 5) and 4.0 log10 PFU/ml for the high-dose regimen (day 5).
The MBM-simulated viral burden profiles excellently matched the observed profiles
(Fig. 5) for the growth control, the low-dose (influenza), and the high-dose (Ebola) FAV
regimens; the r value for the observed-versus-predicted viral burden was 0.992. Overall,
this study prospectively validated the MBM predictions for viral burden in the HFIM
under dynamic, human-like drug concentrations.

DISCUSSION

There is an urgent need for the development of antiviral agents against ZIKV
infections that are effective at clinically achievable concentrations. A drug repurposing
approach offers significant advantages for the identification of new antiviral strategies
over the development of new drugs, since the safety and pharmacology in humans are
already well-known for repurposed agents. Therefore, if a current clinically utilized drug
demonstrates considerable activity against ZIKV, there is great potential to expedite the
approval process for this agent to be used for the treatment of ZIKV infections, thus

FIG 3 Predicted-versus-observed plots for ZIKV burden. The individual (Bayesian; left) and population (pre-Bayesian; right) fitted viral burdens for FAV against
ZIKV are shown.

FIG 4 Favipiravir (FAV) concentrations in the hollow-fiber infection model (HFIM) system for the low-dose influenza
regimen (A) and the high-dose Ebola regimen (B). The lines correspond to the target pharmacokinetic profiles, and
the triangles represent the measured FAV concentrations from medium samples harvested from the HFIM system.
FAV was measured using LC-MS/MS.
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bringing a much needed treatment to patients faster. In our previous work, we
identified FAV to be an agent that has promising antiviral activity against ZIKV alone
and in combination with alpha interferon when Vero cells were employed as the host
cell line (12). Since the kinetics of FAV metabolic activation may differ between
nonhuman primate and human cell lines, we evaluated the antiviral activity of FAV in
a human cell line in the present study. Furthermore, we assessed the potential of
clinical FAV regimens to inhibit ZIKV replication using our MBM and the HFIM system.

Clinical trials with FAV during the Ebola outbreak have shown that average con-
centrations of 390 �M are achievable in humans (15). This drug exposure is nearly twice
the exposure associated with the standard influenza regimen, which has an average
concentration of 206 �M (16). The safety of this high-dose Ebola regimen is unknown,
as it was impossible to discern between drug-related toxicities and Ebola disease.
Nevertheless, our initial drug susceptibility assays using two different experimental
systems with FAV on the human HUH-7 cell line revealed EC50s that were considerably
lower than the maximum examined concentration of 390 �M (plate assay EC50 � 251.3
�M, HFIM assay EC50 � 236.5 �M). The refined MBM estimated an IC50 of 63.6 �M,
referring to the inhibition of the release of infectious cell-free ZIKV from the last
intracellular virus compartment (Fig. 2). Taken together, FAV markedly inhibited the
production of infectious ZIKV in a human cell line at physiologically achievable con-
centrations, thus highlighting the clinical promise of FAV for the treatment of ZIKV
infections.

The drug effect assays, regardless of assay format, were conducted under conditions
in which FAV concentrations were kept constant. This experimental situation does not
accurately reflect the drug concentration-time (i.e., pharmacokinetic) profiles in humans
after administration. In humans, drug concentrations constantly fluctuate due to dos-
ing, absorption, distribution, metabolism, and other elimination routes. Human phar-
macokinetic profiles for FAV associated with the standard influenza regimen and the
higher-dose Ebola regimen have been published (15–17). We simulated the human
pharmacokinetic profiles associated with influenza and Ebola FAV regimens to predict
the virologic outcome against ZIKV in humans over time (Fig. 4). These simulations
revealed that both FAV regimens markedly inhibited the production of infectious ZIKV
over the 7-day treatment. The higher-dose Ebola regimen provided approximately
1.5-log10 more suppression than the standard influenza regimen at the later time
points.

These model predictions were experimentally validated using the HFIM system. Our
findings suggest that clinically relevant FAV regimens may maximally reduce the ZIKV
burden by 99.9% for the influenza regimen (day 5) and 99.99% for the Ebola regimen

FIG 5 Prospective validation showing predicted and measured ZIKV burden profiles during FAV treat-
ment with clinically relevant regimens in the hollow-fiber infection model (HFIM) system. HUH-7 cells
were mixed with ZIKV at a multiplicity of infection of 10�3 PFU/cell and inoculated into the HFIM system.
FAV was administered via syringe pumps to simulate the free-drug concentration-time profiles associ-
ated with the low-dose influenza regimen or the high-dose Ebola regimen for 7 days. Viral supernatants
were collected daily, and the infectious ZIKV burden, reported as the log10 number of PFU per milliliter,
was quantified by plaque assay on Vero cells. Symbols correspond to measured mean viral titers from
two samples in the HFIM system. Error bars represent 1 standard deviation. Error bars were generally
smaller than the symbol size and are thus not visible. The lines signify the viral burden predicted by the
mathematical model.
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(day 5). Given that this efficacy was predicted and observed in the absence of an
immune response, the overall antiviral efficacy in humans may be even better due to
a contribution from the immune system. Thus, the degree of antiviral activity provided
by the standard influenza regimen may be sufficient to allow the immune system to
overcome and clear any residual viral burden not inhibited by FAV treatment.

There are several weaknesses associated with FAV treatment, despite its promising
antiviral activity against ZIKV, as we described previously (12). First, FAV is contraindi-
cated during pregnancy due to the potential for teratogenic and embryotoxic effects
(17). Although FAV cannot be used to prevent the congenital disabilities associated
with ZIKV infection, it may be effective in controlling sexual transmission, since FAV can
be detected in semen (17). Although ZIKV viremia has been reported to clear by 10 days
postinfection, ZIKV has been shown to persist in the central nervous system (CNS) and
lymphoid tissues for weeks (18). To our knowledge, no published studies have assessed
the CNS concentrations of FAV in humans; thus, predicting the efficacy of FAV against
ZIKV at these peripheral infection sites carries considerable uncertainty at this time.

The present study has several potential limitations. First, data on the between-
patient variability for FAV pharmacokinetic profiles are not available. Additionally,
human pharmacokinetic profiles for FAV were obtained from healthy volunteers and
not ZIKV-infected patients. There is a potential that FAV concentration-time profiles
may differ in individuals experiencing ZIKV disease. As more information regarding
FAV pharmacokinetics becomes available, we will be able to update our simulations.
Second, our experimental analyses utilized only FAV concentrations and did not
consider the concentration of the intracellular triphosphorylated FAV metabolite, which
is the active form of the drug. Finally, we chose to use HUH-7 cells as a human cellular
model. This cell line may not be the most clinically relevant since the effects of ZIKV
infection on the human liver are not well characterized. HUH-7 cells were chosen
because they are of human origin and support robust ZIKV replication. We have
examined other human cell lines derived from various tissues, but these cells were not
permissive to infection or failed to yield suitable viral titers necessary for antiviral
evaluations.

In conclusion, we have demonstrated that clinically utilized FAV regimens hold
promise as a therapeutic strategy to treat nonpregnant patients infected with ZIKV.
Moreover, to our knowledge, the developed MBM is the first to successfully estimate
the drug effect consistently between the plate and HFIM assays. We identified differ-
ences between virus infection, viral production, and host cell dynamics in the two
systems. This combination model strategy renders the substantial benefit of improving
the confidence in the estimated parameters. Ultimately, our MBM is capable of simu-
lating viral burden profiles which excellently matched the profiles observed for the
growth control and two clinically relevant dosage regimens. The MBM is also excellently
suited to investigate the impact of between-patient variability, including different FAV
half-lives in humans. The latter may arrive from polymorphism in the drug-metabolizing
enzymes (19). Overall, our encouraging results suggest that further preclinical (in vitro
and in vivo) and clinical studies of the activity of FAV against ZIKV are warranted.

MATERIALS AND METHODS
Cells and compound. HUH-7 cells were cultured at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s

medium, high glucose (DMEM; HyClone, Logan City, UT), supplemented with 5% fetal bovine serum (FBS;
HyClone, Logan City, UT) and 1% penicillin-streptomycin solution (HyClone, Logan City, UT). Vero cells
were maintained at 37°C in 5% CO2 in Eagle’s minimum essential medium (MEM; Corning Cellgro;
Mediatech, Manassas, VA) in the presence of 5% fetal bovine serum (FBS; HyClone, Logan City, UT) and
1% penicillin-streptomycin solution (HyClone, Logan City, UT).

FAV was purchased from MedKoo Biosciences, Inc. (Research Triangle Park, NC), and was stored
according to the manufacturer’s recommendation. FAV drug stocks were freshly prepared before each
assay by reconstituting the powder in 100% dimethyl sulfoxide (DMSO) and sonicating for 15 min. A 1%
DMSO concentration was maintained in all assay media, including the control, to ensure drug solubility.

ZIKV and plaque assay. The PRVABC59 ZIKV strain, isolated from a patient in Puerto Rico in 2015,
was obtained from BEI Resources (Manassas, VA). ZIKV stocks were propagated on Vero cells as previously
described (12).
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The infectious ZIKV burden in viral supernatant samples was quantified by plaque assay on Vero cells
as previously described (12).

Antiviral evaluations of FAV in cell culture 6-well plates. Antiviral evaluations of FAV using
traditional tissue culture methods were conducted as previously described (12), with the exception that
ZIKV was inoculated onto confluent HUH-7 cell monolayers at a multiplicity of infection (MOI) equivalent
to 0.1 PFU/cell. Serial 2-fold dilutions of FAV were evaluated at concentrations ranging from 31.25 �M
to 500 �M. A no-treatment control was also included for a total of six concentrations per assay. DMSO
at a final concentration of 1% was maintained in the assay medium to ensure FAV solubility. Viral
supernatant samples were collected daily for 4 days. Uninfected HUH-7 cells were exposed to the
above-mentioned FAV concentrations, and cell monolayers were examined daily for 4 days to ensure that
treatment did not result in cytotoxicity. At the end of the experiment, all samples were quantified for
infectious viral burden by the plaque assay on Vero cells. GraphPad Prism software (La Jolla, CA) was used
to estimate the EC50 over the entire time course of the study as previously described (12). Three antiviral
studies were performed in three independent replicates.

Dose-ranging studies in the HFIM system. The HFIM system has been described in detail elsewhere
(20–23). For the present study, 108 HUH-7 cells were mixed with 105 PFU/ml of ZIKV (MOI, 0.001 PFU/cell)
and inoculated into the extracapillary space (ECS) of a cellulosic hollow-fiber (HF) cartridge (FiberCell
Systems, Frederick, MD). A total of six HF cartridges were employed for this study. FAV was administered
as a continuous infusion into five cartridges at concentrations ranging from 31.25 �M to 500 �M. One
cartridge served as a no-treatment control (without FAV treatment). A final concentration of 1% DMSO
was maintained in the tissue culture medium, including that of the control, to ensure the solubility of
FAV. The ECS of each HF cartridge was sampled daily for 7 days. Samples were clarified by high-speed
centrifugation and frozen at �80°C until the end of the study. The viral burden in all samples was
quantified by plaque assay on Vero cells. Medium was sampled from the central reservoir of the HFIM
system over the course of the 7-day experiment, and the samples were frozen at �80°C. The FAV
concentrations in these samples were measured by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). All measured FAV concentrations were within 10% of the targeted value, demonstrating that
the desired profiles were achieved in the HFIM system. Two independent studies were performed.

Mechanism-based mathematical modeling. We refined a previously developed PD MBM to simul-
taneously describe and predict the effect of FAV against ZIKV in the plate assay and the HFIM. This MBM
integrated the host cell dynamics, viral replication, and drug effect. The drug effect parameters were
shared between the plate assay and the HFIM. To comodel the plate assay and the dynamic HFIM
systems, host cell dynamics and viral replication were allowed to differ.

Host cell dynamics. Uninfected host cells (U) were infected by extracellular virus (Vextra) via a
second-order process with the infection rate constant (kinfect). Replication of uninfected host cells was
accounted for in the HFIM via a logistic growth model (24, 25). As the HFIM provides a continuous flow
of nutrients via fresh medium, the maximum number of host cells (HOSTmax) was allowed to differ
between the HFIM and the plate assay. The differential equation for U was

dU

dt
� �kinfect · Vextra · U � PLAT · k21 · U

PLAT � 1 �
U � I1 � I2 � I3 � I4 � I5

HOSTmax
in HFIM and 0 in plate assay

(1)

where t is time and I1 to I5 refer to the five stages in infected host cells. PLAT refers to the plateau function
which limits cell growth to a maximum cell density. The term k21 corresponds to the cell replication rate
and was fixed to 1/24 h�1. The initial conditions (IC) were set to 105.82 cells/ml in the plate assay and
106.82 cells/ml in the HFIM.

Viral replication. After host cells were infected, intracellular virus (Vi1) was generated via a first-order
synthesis rate constant (ksyn). Consistent with our previous MBM, a series of five transit compartments
was used to represent intracellular virus (Vi1, Vi2, Vi3, Vi4, and Vi5, linked by the transit rate constant [ktr])
and describes viral maturation and replication. Infected host cells were modeled to die upon virus
release. The differential equations for infected host cells were (initial conditions of I2 to I5):

dI1

dt
� kinfect · Vextra · U � ktr · I1

dI2

dt
� ktr · �I1 � I2�

dI3

dt
� ktr · �I2 � I3�

dI4

dt
� ktr · �I3 � I4�

dI5

dt
� ktr · �I4 � I5�

(2)

The initial condition for the first intracellular host cell compartment (I1) was log10 InocI (the initial
estimated amount of infected host cells) for the plate assay and 0 for the HFIM. Initial conditions for I2
to I5 were 0.

The differential equations for the intracellular virus were (initial conditions for Vi1 to Vi5, all of which
were equal to 0)
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dVi1

dt
� ksyn · I � ktr · Vi1 (3)

dVi2

dt
� ktr · �Vi1 � Vi2� (4)

dVi3

dt
� ktr · �Vi2 � Vi3� (5)

dVi4

dt
� ktr · �Vi3 � Vi4 · INHFAV� � ktr · Vi4 · (1 � INHFAV) (6)

dVi5

dt
� ktr · �Vi4 · INHFAV � Vi5� (7)

FAV inhibits the replication of virus RNA in infected host cells. This inhibitory drug effect (INHFAV) was
described by a Hill function and implemented between the 4th and the 5th intracellular virus compart-
ments. The maximum extent of inhibition (ImaxFAV), FAV concentrations causing 50% of ImaxFAV

(IC50_FAV), and the respective parameters were estimated as follows:

INHFAV � 1 � ImaxFAV ·
CFAV

CFAV � IC50_FAV
(8)

where CFAV is the FAV concentration.
In the absence of drug, INHFAV was 1, and therefore, all virus leaving compartment Vi4 reached

compartment Vi5. At high FAV concentrations, INHFAV approached 0, and therefore, intracellular virus was
lost from compartment Vi4 and did not reach compartment Vi5.

Initial extracellular virus (Vextra) at time zero originated either from the virus inoculation in the HFIM
or from the limited remaining cell-free virus in the plate assay. After host cell infection, extracellular virus
arose from the egress of intracellular virus from the last transit compartment (Vi5) and was subject to a
first-order loss rate constant (kloss,Vextra) and kinfect (as defined above). The differential equation for
extracellular virus was (for an initial condition of Vextra of 3.82 log10 PFU/ml in the hollow-fiber assay or
2 log10 PFU/ml in the plate assay)

dVextra

dt
� ktr · Vi5 � kloss,Vextra · Vextra � kinfect · Vextra · U (9)

System outputs and residual error model. The logarithm of virus burden units per milliliter (log10

number of PFU per milliliter) served as the dependent variable for modeling. We used an additive
residual error on log-transformed scale. To account for observations below the lower limit of quantifi-
cation (e.g., at time zero for the plate assay), we employed the Beal M3 method (26).

Parameter variability model and model qualification. A standard exponential parameter variabil-
ity model was used for most parameters to describe the small between-curve variability. A logistic
transformation was utilized to constrain Imax between 0 and 1 (27). Parameters estimated on the log10

scale were modeled via a normal distribution. Models were compared via standard diagnostic plots, the
objective function (negative log-likelihood in S-ADAPT software) (28), and the plausibility of parameter
estimates (21, 29).

Software and algorithm. To estimate the PD model parameters and variability, we used importance
sampling in parallelized S-ADAPT (version 1.57) software. The SADAPT-TRAN facilitator tool was also
employed (27, 30), and deterministic simulations were performed in Berkeley Madonna (version 8.23.3.0)
software.

Prospective experimental validation of MBM predictions in the HFIM system. The ECS of three
cellulosic HF cartridges were each inoculated with a mixture of 108 HUH-7 cells and 105 PFU/cell of ZIKV
(MOI, 0.001 PFU/cell), as described above. FAV was administered into two cartridges via a 1-h infusion to
simulate the free-drug pharmacokinetic profiles associated with two clinically relevant regimens. The
concentration-time profiles simulated in these studies are depicted in Fig. 4. The first regimen is the
standard regimen used to treat uncomplicated human influenza virus infections: 1,800 mg at 0 h and 12
h on day 1 of treatment, followed by 800 mg every 12 h starting on day 2 of treatment (termed the
low-dose regimen). The second regimen corresponds to the dosage regimen used to treat Ebola
virus-infected patients: 2,400 mg at 0 h, 2,400 mg at 8 h, and 1,800 mg at 16 h on the first day of
treatment, followed by 1,200 mg every 12 h on day 2 of treatment (termed the high-dose regimen). The
third cartridge did not receive drug administration and served as the growth control. A final concen-
tration of 1% DMSO was maintained in the assay medium in all three treatment or control arms. Viral
supernatants were sampled from the ECS daily for 7 days and processed as described above for the
dose-ranging studies. Viral load was quantified by the plaque assay on Vero cells. Intensive medium
sampling from the central reservoir of the HFIM system was conducted over the first 48 h of the study,
and samples were frozen at �80°C. The FAV concentrations in these samples were measured by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Pharmacokinetic analyses of FAV. FAV concentrations in the HFIM system were measured by
LC-MS/MS with an assay system consisting of a Prominence high-performance liquid chromatograph
(HPLC; Shimadzu) and a TSQ Vantage triple-quadrupole mass spectrometer (Thermo Scientific). Separa-
tion was achieved using a Thermo HyperGold HPLC column (100 by 4.6 mm; particle size, 5 �m) at room
temperature with a run time of 4.5 min. Mobile phases consisted of water (mobile phase A) and
acetonitrile (mobile phase B) at a flow rate of 0.750 ml/min in gradient mode.
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Samples in DMEM were stored at �80°C until analysis. After thawing at room temperature, 0.020 ml
of each sample and 0.010 ml of internal standard (5-fluorocytosine, 50.0 �g/ml in water) were added to
a 1.5-ml microtube, followed by addition of 0.500 ml of acetonitrile. Samples were vortexed well and
centrifuged for 10 min at 16,000 � g at 4°C. One hundred microliters of the resulting sample supernatant
was transferred into a 96-well plate, and samples were analyzed by LC-MS/MS using a 1-�l injection
volume.

The mass spectrometer was operated in negative ion mode (FAV) and positive ion mode (5-
fluorocytosine) using the heated electrospray ionization (HESI) probe interface. Selected reaction mon-
itoring (SRM) m/z 156.0/113 (quantifier) and SRM m/z 156.0/66 (qualifier) were used for FAV; and SRM m/z
129.9/58 was used for the internal standard, 5-fluorocytosine. TSQ Vantage triple-quadrupole mass
spectrometer parameters were as follows: spray voltage, 3,500 V; temperature, 350°C; sheath gas, 50
arbitrary units (AU); auxiliary gas, 10 AU; capillary temperature, 300°C; for SRM m/z 156.0/113, width 0.01
full width at half maximum (FWHM), scan 0.100 s, collision energy (CE) �17 V, and S-lens 65 V; for SRM
m/z 156.0/66, width 0.01 FWHM, scan 0.100 s, CE �27 V, and S-lens 65 V; for SRM m/z 129.9/58, width
0.01 FWHM, scan 0.100 s, CE 37 V, and S-lens 42 V. Concentrations were calculated using the Xcalibur
Quan Browser (version 2.2; Thermo Scientific).
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